Abstract: Several studies in the past have examined the spectral capability of multispectral and hyperspectral imagery for the identification of crop marks, while recent studies have applied different vegetation indices in order to support remote sensing archaeological applications. However, the use of vegetation indices for the detection of crop marks lacks in accuracy assessment and critical evaluation. In this study, 71 vegetation indices were indexed, from the relevant bibliography, and evaluated for their potential to detect such crop marks. During this study, several ground spectroradiometric campaigns took place, in a controlled archaeological environment in Cyprus, cultivated with barley crops, during a complete phenological cycle (2011)(2012). All vegetation indices, both broadband and narrowband, were evaluated for their separability performance, and the results were presented through tables and diagrams. In the end, the use of more than one vegetation index is suggested in order to enhance the final results. In fact, several not widely used vegetation indices are suggested and evaluated using both Landsat TM and EO-1 Hyperion images.
Introduction
Vegetation Indices (VIs) have been widely used for supporting archaeological investigations [1] [2] [3] [4] [5] . Some studies aim at monitoring archaeological sites and monuments using satellite images [6, 7] , while OPEN ACCESS some other studies are focused on the detection of buried archaeological relics (i.e., crop marks) [8] [9] [10] [11] . The latest have been used in archaeology since the first grayscale aerial images were available to researches. Crop marks are usually formed in areas where vegetation overlays near-surface archaeological remains. In this case, archaeological features can retain soil moisture with a different percentage of moisture compared to non-archaeological areas [12] .
VIs intend to explore vegetation's spectral signature characteristics, both in the visible and near-infrared part of the spectrum. Vegetation stress associated with sub-surface soil disturbance may be observed from visual symptoms, such as stunted growth and sparse vegetation cover [13] . Moreover, as [14] argue, canopy reflectance in the visible and near infrared is strongly dependent on both structural (i.e., amount of leaves per area, leaf orientation, canopy structure) and biochemical properties (i.e., chlorophylls, carotenoids) of the canopy. Hence, it is very difficult to develop a "unique" VI exclusively sensitive to one plant variable. Methods for extraction information from hyperspectral data related to vegetation characteristics have been discussed in detail [15] . Indeed, the use of hyperspectral data for monitoring vegetation characteristics is increasingly needed in order to characterize, model, classify and map agricultural crops and natural vegetation, specifically in the study in [16] .
VIs can be either retrieved using multispectral or hyperspectral satellite images. Moreover, airborne sensors are also used to support archaeological investigations (e.g., [17] ). Nevertheless, as the study in [14] has shown, airborne and satellite reflectance signals may be additionally influenced by soil, illumination, atmospheric conditions and the sensor observation geometry [18] . Recently, [2, 7] have demonstrated that ground spectroscopy can also be used for the retrieval of vegetation characteristics. In this case, several errors can be minimized, since the measurements are taken from a close distance from the canopy, while at the same time, calibrated Lambertian panels are being used (see [19] ). As [16] highlighted, the advances of hyperspectral sensors have contributed to the study of spectral signatures in controlled environments.
As [20] argue, a growing number of studies have focused on evaluating spectral indices in terms of their sensitivity to vegetation biophysical parameters, as well as to external factors affecting canopy reflectance. Despite the fact that several indices exist in the literature-both broadband and narrowband-only a small number of these indices are practically used or evaluated for remote sensing archaeology applications. The Normalized Differential Vegetation Index (NDVI) is considered to be the most widely used index for archaeological studies (e.g., [1] [2] [3] ).
This study aims to analyze the performance of several indices, both broadband and narrowband, that can be used for archaeological investigations. More than seventy different VIs were evaluated (71 in total) and tested for their performance during the detection of archaeological crop marks. The equations of these indices are presented in a fully updated table (Table 1) . For the needs of the study, several ground spectroradiometric data retrieved from a "controlled archaeological area" were used. These ground data were extracted during a whole phenological cycle of the barley crops (2011) (2012) in the study area of Alampra, Cyprus.
Vegetation Indices
Several vegetation indices have been presented in the relevant literature. In their study, [21] have reported that more than fifty different remote sensing VIVIs have been used in the literature since 1995.
However, since then, especially after the deployment of hyperspectral sensors, several other VIs have been developed (see, for instance, Table 1 ). Indeed, the use of hyperspectral data has significantly contributed to the further study of vegetation characteristics. Hyperspectral data may be used in order to remove highly correlated bands, to create physically meaningful VIs, to create new VIs not sampled by broad bands and, moreover, to create multi-linear indices (i.e., indices involving more than two bands) [16] .
As [14] report, VIs can be divided into five main categories according to their formula (equation) or according to the potential use of each index: (a) broadband indices that use broadband reflectance; (b) narrowband indices that use narrowband reflectance (hyperspectral); (c) leaf pigment indices that were developed in order to examine several pigments in the leaf (e.g., Cl-a etc.); (d) stress indices, which were developed for monitoring stress conditions in the canopy; and (e) water stress indices. Moreover, [22] report that narrowband VIs can be divided into three main categories: (a) structure; (b) biochemistry; and (c) plant physiology/stress. However, VIs can be simply divided according to the wavelength characteristics used in their formula (broadband and narrowband indices). Table 1 provides the list of all VIs used in this study (71 different indices). It should be noted that all indices mentioned in Table 1 have a range from 400 up to 1,050 nm, since this was the spectral range of the ground spectroradiometer used in order to collect the ground measurements (see next Chapter). Due to the numerous indices used in this study, only the formula is shown in Table 1 . Additional details for the development and the characteristics of each index can be found in the relative reference shown in Table. 1.
As it is shown in the following table, similar broadband and narrowband indices exist in the literature (e.g., NDVI, SR, etc.). Furthermore, the same narrowband vegetation index can be found several times in the literature with a slightly different wavelength (e.g., see SR1-SR5). Moreover, some other indices might be modifications of other known indices (e.g., Modified Simple Ratio, Modified Triangular Vegetation Index, etc.). The majority of indices shown in Table 1 tend to explore the red and near infrared part of the spectrum, while some others may use either blue or green wavelengths (e.g., SARVI, Greenness Index). The variability of these VIs shows that each VI was initially developed in order to enhance a specific canopy reflectance parameter or to minimize atmospheric errors, soil background scattering, etc. [69] 71 SG (Sum Green Index) mean of reflectance across the 500 nm to 600 nm [30] p NIR is the near infrared reflectance; p red is the red reflectance; p green is the green reflectance; p blue is the blue reflectance; p x is the reflectance at a specific wavelength.
Case Study Area and Ground Measurements
A controlled archaeological site was developed in the Alampra village, located in central Cyprus (WGS 84, 36o N: 535051, 3870818). In this field, a 5 × 5 m square was constructed in order to simulate ancient "tombs" at a depth of 25 cm ( Figure 1 ) [70, 71] . During the construction of the controlled field, particular attention was paid to maintain the original stratigraphy of the soil (i.e., the original ground surface was placed at the top). Moreover, the creation of the "tomb" aimed to create a trapped underground gas pocket. Since the whole area was then cultivated similarly with barley crop, Global Position Systems (GPS) were used in order to trace the "tombs". In each campaign, several ground spectroradiometric measurements were taken over the "archaeological" area and also to the non-archaeological area. For this purpose, a calibrated GER 1500 handheld spectroradiometer was used (Figure 2(a) ). This instrument has the ability to record electromagnetic radiation from visible to near infrared spectrum (400-1,050 nm) using 512 different channels with a range of ~1.5 nm. Moreover, a calibrated Lambertian spectralon panel was used (Figure 2(b) ) in order to measure the incoming solar radiation and calibrate all the measurements taken over the crops. The field of view (FOV) of the instrument was set to 4 degrees (≈0.02 m 2 from a height of 1.2 m). Initially, the incoming radiance was calculated based on the reference measurement at the spectralon panel, while the following measurements were taken over the area of interest (either the archaeological or non archaeological area) (Figure 3) . Altogether, more than 1,600 ground spectroradiometric measurements were taken during the whole phenological cycle of the crops (≈800 measurements over the "archaeological" area and ≈800 measurements over the non archaeological" area). All these measurements were used in order to assess the performance of VIs. Methodology followed for the acquisition of ground spectroradiometric measurements. First, (left) the incoming radiance is estimated based on the reference measurement at a calibrated spectralon panel, and then, (right) the reflected radiance from the crops ("archaeological" and non archaeological areas) is also recorded.
Methodology
In order to examine the use of broadband vegetation indices, as indicated in Table 1 , it is essential to recalculate the ground hyperspectral measurements according to the spectral characteristics of a specific satellite sensor. For this purpose, the authors decided to simulate these data with Landsat TM /ETM+ satellite imagery based on its Relative Spectral Response (RSR) filters. RSR filters describe the instrument relative sensitivity to radiance at various parts of the electromagnetic spectrum [72] . These spectral responses have a value of 0 to 1 and unit-less, since they are relative to the peak response (see Figure 4) . Bandpass filters are used in the same way in spectroradiometers in order to transmit a certain wavelength band and to block others [73] . The reflectance from the spectroradiometer was calculated based on the wavelength of each sensor and the RSR filter as follows:
where:
R band = reflectance at a range of wavelength (e.g., Band 1); Ri = reflectance at a specific wavelength (e.g., R 450 nm); RSRi = Relative Response value at the specific wavelength.
[ For narrowband Vis, the initial hyperspectral measurements taken from the GER 1500 were used, while for the broadband Vis, the measurements were re-calculated as described above. The performance of each index was examined in comparison to the other indices. The difference in values that occurred from the barley crops over the "tomb" and from the surrounding area was also calculated ("archaeological" and non archaeological area).
Results

Phenological Cycle Diagrams Based on VIs
Figures 5 and 6 demonstrate the results of several broadband and narrowband VIs, respectively, applied to the barley crops over the "archaeological" (blue line) and non-archaeological area (red line). The standard deviation of the measurements for each field campaign is also demonstrated. X-axes indicate the number of each campaign (see Section 2 for dates), while Y-axes indicate the corresponding VI values (dimensionless). As it is shown in all diagrams, similar VI values are observed for both areas (archaeological and non-archaeological) at the beginning of the phenological cycle (no. 1-6 at X-axes). During this period, the crops have not yet grown, and therefore, these values refer only to soil. Additionally, the standard deviation of the measurement is considered to be relatively low.
After the first rains in the area (no. 7-9 at X-axes). a dramatic increase-or decrease-in the VI values is recorded. During this period, vegetation indices are quite similar for both areas ("archaeological" and non-archaeological). Therefore, VIs cannot be successfully evaluated for the detection of crop marks using remote sensing data, since a significant difference is not expected. However, the following period is according to the diagrams of Figures 5 and 6 , the most promising one for monitoring crop marks by using remote sensing techniques (no. 10-14 at X-axes). VI value over "archaeological" area is quite different from the relative measurement over the non-archaeological area. Indeed, measurements over the "tomb" tend to give higher values of VIs ("positive crop marks") with a great statistical difference (t-test). Despite the fact that the standard deviation of these measurements is maximized in this period, a clear difference is recorded. The last two field campaigns (no. 15-16 at X-axes) were made before the harvesting period, when the crops are not photosynthesizing.
Therefore, it is clear from these diagrams that VI values differ from one phenological stage to another. Although the same dataset was used for all these indices, each VI has its own unique phenological diagram. Therefore, the use of more than one VI for the detection of crop marks is suggested in order to enhance the final results. 
Relative Differences of VIs for the Detection of Crop Marks
For evaluation of the performance of all VIs during the phenological cycle of barley crops, the relative difference in contrast of the measurements between the "archaeological" and nonarchaeological area was examined. The maximum global values for the whole phenological cycle were calculated for "archeological" and non-archaeological areas in order for all indices to have a common reference and to be normalized. This is essential, since the absolute values of several VIs are not normalized, while at the same time, several fluctuations may be recorded during the same or different phenological observations. Equation (2) was used in order to calculate the contrast between "archaeological" and non-archaeological areas.
Where: VI a.a. : the VI value over the "archaeological area"; max VI a.a..p.c : the maximum VI value over the "archaeological area" during the whole phenological cycle; VI n.a.a. : the VI value over the non "archaeological area"; max VI n.a.a.p.c. : is the maximum VI value over the non-archaeological area during the whole phenological cycle.
For instance, using Equation (2) Based on the above formula, the following results were extracted for broadband and narrowband indices, respectively (Tables 2-5 ). Examining the results from the broadband VIs (Table 2) , it was found that the contrast is maximized for all indices when the crop begins to grow (from the end of December until the end of March). The differences occurring range to around 20%, with some minor exceptions (e.g., Simple Ratio x Normalized Difference Vegetation Index with 86% difference, no. 18 in Table 2 ). It is very interesting to note that the SARVI index (no. 15 in Table 2 ), which is developed in order to minimize both atmospheric and soil background noise, has indicated a high performance (>50%). This high performance was noticed during the whole period when the crops were photosynthesizing. SARVI can be, therefore, used for the detection of crop marks in a more systematic way, compared with other indices, which are widely used until now, such as NDVI (no. 3 in Table 2 ), with only 19% for a single phenological stage. Moreover, SARVI seems to be the most suitable broadband index for the period of October-November, when the crops have just begun to grown. Furthermore, Table 2 demonstrates that even simple VIs, such as the SR (no. 4 in Table 2 ), can be also applied with a high performance. The PVI index (no. 9 in Table 2 ) is also another broadband worthy to being noted, since a relative contrast of ≈ 20% was found, which lasted for more than three months.
Regarding the narrowband indices (Tables 3-5 ), the results are quite different. As it was proven, the period for maximizing the VI performance may vary. This is true, since each index is developed in order to monitor specific characteristics of the crops. Therefore, each narrowband index is expected to be maximized when the particular characteristics of the plants occur.
The SR 705 , mSR3 and MTCI indices (no. 25, 29 and 31, respectively, in Table 3) show some noticeable characteristics regarding their potential for supporting remote sensing applications during the whole period. Relative high contrast values were recorded from nearly the whole phenological cycle. It is worth noting that this observation was made only to one broadband index (SR, no. 15 in Table 2 ). The contrast for these three hyperspectral indices is nearly more than 15%, while their highest relative contrast was found to be 43%, 55% and 60%, respectively. The most interesting observation regarding these values is the fact that they were observed during the same phenological 
stage (12/20/2011 ). This period corresponds to the early beginning of the full greenness of the plants. In general, all indices shown in Table 3 appear to follow different patterns. Once again, several SR indices proved to be very promising (see no. 42-46 in Table 4 ). A generally high relative contrast between the "archaeological" and non-archaeological area is recorded for the whole phenological cycle. A contrast of 44% was reported using such simple equations as the SR formulas. Nevertheless, SR should be applied in satellite images only after all pre-processing steps have been carried out. Special attention should also be given to radiometric and atmospheric correction of the images used for the detection of crop marks, since SR is expected to be more vulnerable to such errors. Moreover, VOG and VOG 2 (no. 50 and 51, respectively in Table 4 ) are some narrowband indices that were able to distinguish crop marks with the surrounding area. VOG and SR indices seem to be able to enhance crop marks better during the early stage of their formation (the period OctoberNovember).
Finally, the results from Table 5 show that the use of the visible part of the spectrum is found to be suitable for the detection of crop marks. Indeed, the BRI index (no. 55 in Table 5 ) generated some interesting high-contrast values without the exploitation of the VNIR part of the spectrum, which is usually used for monitoring vegetation. Using such indices, the available data for monitoring crop marks can be further expanded, not only to the VNIR sensors, but also to some traditional aerial photographs, which are used on the visible part of the spectrum. Some other special indices (NPCI and NPQI, no. 60 and 61 in Table 5 , respectively) are also suitable, especially during the period that the crops are fully grown. The latest index (i.e., NPQI) also explores the visible part of the spectrum. The contrast during this period can reach up to 68%. The LIC index (no, 59 in Table 5 ) seems to give same contrast (≈20%) for the period October-November, as the VOG index (see no. 50 Table 4 ). In general, the contrast of the "archeological" and non-archaeological area can vary from index to index and according to the period of measurement. Moreover, some narrowband indices seem to be able to enhance the spectral differences of the crop marks better. As it is denoted from Tables 2-5, the researchers can apply different indices for monitoring crop marks depending on the phenological stage of the crops.
VIs Applied in Satellite Imagery for the Detection of Crop Marks
For the aims of this study, some of the most promising vegetation indices, as found in the previous sub-chapter, were evaluated using multispectral and hyperspectral images. Indeed, both the Landsat TM image (31-07-2009 overpass) and EO-1 HYPERION (03-09-2001) were used for the detection of Neolithic tells at the Thessalian plain, in central Greece. These tells, also known as magoules, are typically low hills, which arise approximately 5-10 m above the surrounding area. Hundreds of such tells are distributed in the Thessalian plains, which are cultivated systematically with crops [3, 9] . Some photos from such magoules are shown in Figure 7 . Figure 8 indicates the results after the application of broadband indices to the Landsat image. As it is demonstrated, all indices used (SARVI, SR and NDVI) for the detection of the Melia 2 site were found very useful for supporting remote sensing applications. The tell is easily recognized through photointerpretation, since both the top and the lower part of the magoula is visible, creating a circle. Figure 8(d) shows that the tell is also visible in pseudo-color images, but not as clear as in the previous images. However, the identification of the tell for other broadband indices, such as EVI or Green NDVI (see Figure 9 ), was not successful. As it is shown in Figure 9 , the detection of the Melia 2 is a difficult task; despite the fact that the satellite image used was the same as the one of Figure 8 . Figure 10 and VOG, SR 2 , SR 3 , SR 4 SR 5 and VOG 2 in Figure 11 ). These results highlight the fact that more than one vegetation index may be used successfully for the detection of crop marks formed by buried archaeological remains. Hyperspectral indices can be further examined for supporting archaeological results, since their application was found very promising. SR indices, both broadband and narrowband, were able to enhance the contrast of the magoula with its surrounding satisfactorily. Similar results were found with other magoules examined, but are not presented here. 
Conclusions
This study aims to evaluate several Vis, both broadband and narrowband, for monitoring crop marks. Several ground spectroradiometric measurements were collected from a controlled archaeological site at the Alampra village (Cyprus), and different VI values for each campaign were calculated. The results showed that beyond the most widely used VIs in archaeological investigations (e.g., NDVI, SR), several other indices can assist in the detection of crop marks.
Specifically, it was proven that hyperspectral VIs can further maximize the contrast between the archaeological and non-archaeological areas. Compared with the broadband indices, the narrowband indices can maximize the contrast difference up to 20%, with some minor exceptions, especially when crops photosynthesize. Some of the most promising vegetation indices found from this study are the broadband SARVI, SR and PVI, while from the narrowband indices, these are SR 705 , mSR 3, MTCI, SR−SR 6 and VOG.
The above results also applied to multispectral and hyperspectral images for the detection of archaeological remains. This study has highlighted the benefits of the use of hyperspectral images and hyperspectral VIs for supporting archaeological investigations. Indeed, as it was found, only a small number of multispectral VIs have been able to detect neolithic tells, such as SARVI, NDVI and SR, in contrast to several other hyperspectral VIs applied to the Hyperion dataset.
Moreover, VIs based only on the visible part of the spectrum (such as BRI) have also shown some potential use for the detection of crop marks. In this way, a significant amount of data (e.g., traditional aerial images in the visible part of the spectrum) can be further exploited in order to assist archaeological research.
The results denoted the fact that for each phenological stage, a different vegetation index may be used in order to enhance the archaeological area of interest compared to a non-archaeological area. Despite that the results may not be similar in a different archaeological environment (i.e., a nonMediterranean region or a different type of crop), the overall outcomes of this study can be applied in any archeological environment. The researchers can select those VIs that better maximize the contrast of the archaeological environment with its surroundings and contribute substantially to the detection of archaeological relics. Further evaluation of such indices will be performed and analyzed using satellite remote sensing data.
The overall results from this study or from similar studies [74] [75] [76] [77] [78] can assist in the design of the first satellite sensor intended for archaeological studies. Indeed, the evaluation of ground spectral signatures and VIs over buried archaeological remains, along with the study of the formation of crop marks, can define the spectral regions of the spectrum most suitable for archaeological research.
Recent advantages in the near future regarding hyperspectral spaceborne missions, such as the multi-angular hyperspectral observation capability [79] , is one important aspect that needs to be focused on by researchers. Indeed, as [16] highlight, hyperspectral data can be used and exploited in order to find the specific wavebands that are most suitable to study particular biophysical and/or biochemical properties. Such attempts will be performed by the authors for monitoring crop marks.
